Novel SnO 2 /carbon nitride photocatalysts having surface areas up to 220 m 2 g −1 were prepared for the first time by condensation of dicyandiamide in alkali metal chloride/SnCl 2 -containing salt melts at 550°C, without the use of hard templates. XRD and HR-TEM investigations showed that the obtained materials are composed of 5-10 nm SnO 2 nanoparticles deposited onto nanosheets set up from 1D-melon ribbons. The morphology and crystalline structure of products appear to be greatly dependent on the synthesis temperature. SnO 2 /carbon nitride composites are found to be highly efficient in the photocatalytic reactions, as exemplified by Rhodamine B degradation and water reduction using Pt as a cocatalyst. Under the optimized synthesis conditions, these composite photocatalysts achieve hydrogen evolution rates more than 2 times higher than the mesoporous carbon nitride (mp-CN) under visible light irradiation. In principle, this new method based on utilization of MCl/SnCl 2 salt melts as a reaction medium allows carrying out various polymerization reactions in the presence of the mild Lewis acid in the solution phase in the wide temperature range of 180-550°C. Moreover, SnCl 2 eutectics are even suitable for post-synthesis modification of the bulk carbon nitride to tune its morphology and greatly increase the surface area and photocatalytic activity.
Introduction
Photocatalytic water splitting is an inexhaustible potential source of hydrogen which is the friendliest fuel to the environment. 1 Hydrogen has the largest energy density and has recently emerged as a highly attractive alternative to depleting and expensive fossil fuels. However, photocatalytic water splitting requires a large amount of input energy (ΔG°= 237 kJ mol −1 ), and is still incompatible with existing energy generation technologies. Most of the photocatalysts used for photocatalytic water reduction have disadvantages of absorbing only UV-light (e.g. TiO 2 ) which is only the minor fraction of solar light or suffer from photocorrosion (especially sulfur-containing ones, e.g. CdS). Carbon nitride with the stoichiometry "C 3 N 4 " (ref.
-CN) including its more disordered, polymeric counterparts has recently attracted greater attention as a semiconductor with a band gap of 2.7 eV which is suitable for various photocatalytic applications including sacrificial water splitting 2, 3 and degradation of various dyes. 4 Ref.
-CN is activated by visible light
and is typically stable during the photochemical operation (except for sacrificial water oxidation 2 ), but has a quite low surface area of ∼10 m 2 g −1 . In most of the applications, heterogeneous reactions are involved, where an increase of the surface area of the photocatalysts improves the reaction rates by increasing the number of accessible reaction centers. Usually, various silica templates are used (hard templating) in order to obtain materials possessing high surface areas and controlled pore size distribution. 5, 6 However, silica templates need to be removed after the synthesis by using a HF source. This last step requires additional safety precautions and puts severe restrictions on the scalability of carbon nitride production. Thus, alternative methods for the preparation of CN-related materials possessing increased surface areas are of great interest, and some are already developed, e.g. "softtemplating" 7, 8 and solvothermal synthesis. [9] [10] [11] The increase of the quantum efficiency of photocatalytic processes is another aspect widely addressed in modern research. This can be achieved, for instance, by coupling two semiconductors with suitably positioned conduction and valence bands within one composite photocatalyst. The increase of quantum yield results in this case from the improved separation of the charge carriers generated upon irradiation. With respect to carbon nitrides, the approach can be illustrated by (but not limited to) TiO 2 18, 19 supramolecular preorganization of monomers, [20] [21] [22] heteroatom doping, 23, 24 etc.
On the other hand, salt melt assisted synthesis in LiX/KX (X = Cl, Br) 25, 26 eutectics is known to deliver carbon nitriderelated materials, poly(triazine imides) (PTI), characterized by high structural order, defined morphology, increased surface areas and tunable band gap values. 27 Recently, we have reported on the synthesis of poly(triazine imides) in ZnCl 2 containing salt melts. 28 We succeeded to increase the surface areas of products to 190 m 2 g −1 and to prepare photocatalytically active ZnO/PTI composites, but most of the obtained materials were found to be quite poor photocatalysts due to the lack of structural order ( poor crystallinity). Moreover, ZnCl 2 being a moderate-strength Lewis acid was found to bind too strongly to the reaction intermediates that resulted in byproduct formation (zinc cyanide, zinc cyanamide). Therefore, we were searching for an alternative high temperature solvent for carbon nitride preparation able to deliver crystalline products possessing relatively high surface areas that could be used as photocatalysts. Herein, we report on the preparation of highly photocatalytically active SnO 2 /carbon nitride nanocomposites via condensation of dicyandiamide (DCDA) in different MCl/SnCl 2 (M = Li, Na, K, Cs) salt melts. The structure of the materials and the origin of their high photocatalytic activity are elucidated from the results of elemental analysis (EA), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), solid-state 13 C{ 1 H} CP/MAS NMR, scanning electron microscopy (SEM), transmission electron microscopy (TEM) and FTIR-spectroscopy investigations, and from characterization of their gas sorption properties, and optical absorption and emission properties. The influence of the synthesis parameters, such as the nature of the salt melt used, synthesis temperature, and the concentration of the precursor in the salt melt on the photocatalytic properties of the resulting composites is discussed in detail.
Experimental section

Chemicals and materials
Lithium chloride (99%), sodium chloride (99.5%), potassium chloride (99%), cesium chloride (99%), Rhodamine B (95%) and hexachloroplatinic acid (H 2 PtCl 6 , 8 wt% aqueous solution) were purchased from Sigma Aldrich. Zinc chloride (98%), tin(II) chloride (98%) and triethanolamine (TEOA, 98%) were purchased from Alfa Aesar and dicyandiamide (DCDA, 98%) from Merck. All the chemicals were used without further purification.
Synthesis procedure
Salts and DCDA were ground together in a glove-box (mBraun Unilab, O 2 < 0.1 ppm, H 2 O < 0.1 ppm) under an argon atmosphere according to eutectic compositions (Table S1 †) . Reaction mixtures (∼5-10 g) were transferred into porcelain crucibles and covered with lids. Crucibles were placed in the oven and heated under a constant nitrogen flow (15 L min −1 ) according to Scheme S1. † The crude products were removed from the crucibles and washed first with deionized water (50-100 mL) and then with 1 M HCl solution (50-100 mL) in order to remove the salts and products of their hydrolysis. Each step was carried out for 24 hours. The final products were isolated by filtration, then thoroughly washed with deionized water (500 mL) and dried in a vacuum oven at 50°C for 15 h. Reference CN was prepared by heating DCDA with the ramp of 2.3°C min −1 up to 550°C and subsequent holding at this temperature for 4 h under a constant nitrogen flow (15 mL min −1 ) in a covered crucible. Reference mp-CN was prepared according to the described procedure.
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Photocatalytic activity tests Rhodamine B (RhB) photodegradation. 5 mg of the photocatalyst were dispersed in 5 mL of RhB solution in deionized water (10 mg L −1 ). The suspension was agitated in the dark for 0.5-3 h in order to reach a dark-adsorption equilibrium (Fig. S1 †) , and then illuminated with an LED module emitting at 420 nm (12 W, OSA Opto Light) from the fixed distance of 5 cm. The RhB degradation was monitored as the decrease of the dye concentration over irradiation time. At specific time intervals (t ), 300 µL aliquots of the reaction mixture were taken, diluted with 1.7 mL of deionized water, maintained for 30 minutes in the dark to allow catalyst precipitation, and then analyzed spectrophotometrically (T70 UV/VIS spectrophotometer of PG instruments Ltd). The reaction rate constants k were calculated as the slopes of the linear fits of [−ln(A/A 0 )] dependence on irradiation time. Here, A 0 and A are measured at 550 nm absorbance of the dye in the solution after dark equilibration and after irradiation time t, respectively, which are proportional to the dye concentrations in the solution (C 0 and C).
Hydrogen evolution reactions (HER). HER were performed using a side-irradiated closed steel reactor equipped with a Teflon inlet, thermocouple, pressure sensor, magnetic stirring and thermostat, and connected to a Schlenk line. In all the cases, Pt and triethanolamine (TEOA) were used as a co-catalyst for H 2 generation and as a sacrificial hole-scavenger, respectively. Being a good buffering agent, TEOA provides stable pH of 10.8 for the whole duration of the experiment. The detailed description of the set-up and the test procedure can be found in the literature 29 and in the ESI. † Pt 0 was in situ
photo-deposited onto the tested photocatalysts using hexachloroplatinic acid (H 2 PtCl 6 ) as a precursor. During the experiment, the buildup of pressure was monitored as a function of the irradiation time. that allow to carry out the first condensation steps in the solution phase (see Table S1 †).
Structure and composition
Already the appearance of products synthesized in MCl/SnCl 2 salt melts (M = Li, Na, K, Cs) differs from the reference CN: materials are beige in color, while ref.
-CN is yellow. Besides, the products are characterized by the C/N weight ratios of 0.61-0.63 (Table S2 † . In the case of KCl/SnCl 2 -derived carbon nitrides, the content of Sn, O and Cl is ∼10 wt%, ∼20 wt% and <1 wt%, respectively. Most of the oxygen (∼15 wt%) and hydrogen (∼1.8-1.9 wt%) originates from surface-adsorbed water, as follows from XPS investigations (see below). A ZnCl 2 /SnCl 2 eutectic yields orange composite material, while the product obtained in pure SnCl 2 is black and heavily intercalated with salt residues (up to 54 wt%, Table S2 †). The latter material has a C/N ratio of 0.63 which is very close to the stoichiometric value (0.64) that goes along with the low H content (1.23 wt%) and suggests a high condensation degree.
The products prepared in MCl/SnCl 2 (M = Na, K, Cs) eutectics have BET surface areas higher than ref. (Table S2 , Fig. S3 †) . Thus, selected SnCl 2 eutectics give rise to high surface area carbon nitrides and thus eliminate the need of using hard templates and the following HF treatment. Fig. 1a and b show WAXS diffractograms and FTIR spectra of the products synthesized in SnCl 2 -containing salt melts. In all the cases, materials have features typically observed for previously described carbon nitrides. This is demonstrated by the presence of characteristic diffraction peaks corresponding to the CN in-plane (at 2θ = ∼10-13°) and inter-planar (at 2θ = 25.5-28.0°) repeating motifs (Fig. 1a) . The degree of structural order in the products depends on the nature of the salt mixture used. Composites with higher crystallinity are obtained in MCl/SnCl 2 (M = Li, Na, K, Cs), while pure SnCl 2 and ZnCl 2 /SnCl 2 give rise to more amorphous, salt including hybrids. Among all the products, the best structural order and the largest crystallite size (7.6 nm according to the Scherrer equation for 2θ = 27.8°) are observed in the material prepared in LiCl/SnCl 2 salt melt. Such a high crystallinity may be responsible for the low surface area of this product (see above). The products prepared in MCl/SnCl 2 (M = Li, Na, K, Cs) melts contain tin(IV) oxide nanoparticles/clusters as can be identified from the corresponding WAXS patterns by the presence of two broad reflections at 2θ = 33.9°and 51.8°. The crystallite sizes of SnO 2 NPs were calculated using the Scherrer equation and are found to depend on the nature of M + (M = Li, Na, K, Cs) in MCl/SnCl 2 salt melts. These are ∼4 nm in NaCl/ SnCl 2 - (Fig. S4 †) and CsCl/SnCl 2 -, ∼6 nm in KCl/SnCl 2 -and ∼12 nm in LiCl/SnCl 2 -derived composites. SnO 2 likely originates from the reaction of tin(II) chloride which is known to be a reducing agent, with oxygen contained in the nitrogen flow (3 ppm V/V, see ESI † for more details):
but some SnO 2 can be formed as a result of the aqueous workup of the reaction mixtures:
FTIR absorption bands of SnCl 2 -derived materials are typical for carbon nitrides (Fig. 1b) . To mention, the main band at 1200-1650 cm −1 indicates the presence of CN heterocycles that constitute the material structure, a broad band at 2400-3650 cm −1 suggests incomplete condensation of NH 2 -and NH-groups (in agreement with EA data) and the presence of surface hydroxyl-groups. Absorption bands at 1247 and 1285 cm −1 are indicative for polymeric structure (such as melon), 35, 36 since they are absent in monomers (such as melem, metal cyamelurates, etc.). Finally, the distinct peak at ∼800 cm −1 points out triazine or tri-s-triazine as the structural building unit in the products. In agreement with WAXS patterns, more crystalline products exhibit more distinct absorption peaks whose positions still differ from those of reference CN. A careful examination of WAXS patterns of MCl/SnCl 2 -derived materials reveals the presence of two different interlayer stacking peaks, the prevailing one at 2θ = 27.5-27.8°and the less intense one at 2θ = 25.5-26.5°. We assign them to the presence of two different crystalline phases, one with a smaller interlayer distance of 0.32 nm (Phase I), and the other with a larger, 0.34-0.35 nm (Phase II), potentially describing two different ion-intercalated phases (see Scheme S3, † detailed discussion is below). The ratio between these two phases depends on the nature of MCl, and the contribution of the Phase II increases with the increase of the size of the monovalent alkali metal cation.
Furthermore, the position of the diffraction peak characterizing the in-plane structural order in polymeric Phase I is clearly shifted to lower scattering angles if compared to ref.
-CN and poly(triazine imide) (2θ = 9.7°vs. 13.1°and 12.1°, respectively). This peak characterizes the hole-to-hole distances within the polymer layer built of tri-s-triazine (ref. 25 due to the small tilts in the structure. In MCl/SnCl 2 -derived carbon nitrides, the in-plane period is equal to 0.91 nm and is clearly bigger than the values observed for ref.
-CN and PTI. We speculate, therefore, that the prepared materials are composed of 1D-melon polymer chains, and the observed in-plane repeating motif should be assigned to the chain-to-chain distance. The existence of such polymeric structure was suggested earlier by Lotsch 38 and has been recently corroborated by Tyborski. 39 It should be taken into account that the diffraction peaks observed in diffractograms of SnCl 2 -derived products discussed here originate mostly from the X-ray scattering at tin ions (compared to C, N, O, and Cl, tin has the highest number of electrons), which are intercalated in a specific way into periodic CN-polymer networks, and that the term "plane" used in text is attributed to the imaginary plane where tin ions are positioned but not the CNpolymer units, which are tilted as mentioned above (see Scheme S3c, d, e †). For the composites obtained from MCl/SnCl 2 (M = Na, K, Cs) eutectics, the in-plane structural order and its linear, chain-like character is clearly observed in HR-TEM images as parallel lines ( Fig. 2A and S5 †) . Besides, HR-TEM investigations of KCl/SnCl 2 -derived hybrids revealed that the SnO 2 NPs of 5-6 nm in diameter are monocrystalline and randomly oriented onto the carbon nitride sheets (Fig. 2B and S6 †) . Unfortunately, more detailed microscopy examinations of the carbon nitride phases are hindered by the high sensitivity of the materials to the electron beam.
The representative SEM images in Fig. 3 illustrate the similarity of morphologies of the materials synthesized in MCl/ SnCl 2 salt melts which tend to stack into sheets. The diameter of the sheets depends on the nature of MCl constituting the melt: d = 0.5 µm for LiCl, <0.1 μm for NaCl, 0.3 μm for KCl and 0.2 μm for CsCl. The products generated from ZnCl 2 /SnCl 2 and SnCl 2 are made of densely packed nanoparticles, which assemble into mesocrystalline hexagons in the case of pure SnCl 2 . This fact underlines that the organization of the species is more complex than that reflected in the sheer XRD analysis.
Materials prepared in MCl/SnCl 2 (M = Na, K, Cs) salt melts have nearly identical structures and morphologies, that may result from much smaller differences in the melting points of different SnCl 2 -based eutectics (see Table S1 †) when compared to those of ZnCl 2 . 40 In order to clarify the chemical structure of the carbon nitride polymer and the nature of the intercalated tin species in the composites, we characterized one of the products (KCl/ SnCl 2 -C 3 N 4 ) by solid-state 13 C{ 1 H} CP/MAS NMR and XPS methods. 13 C NMR spectrum of the material shows only two carbon signals, at 155.8 ppm and at 161.7 ppm, demonstrating high purity and homogeneity of the product (Fig. S7 †) . The former signal corresponds to CN 3 carbons, while the latter one to CN 2 (NH x ) carbons. The peak positions coincide with those previously reported for a melon polymer. 25, 38 The absence of any low field signals at 168 ppm, as well as any lower-field shoulder by 161.7 ppm signal excludes the presence of triazine rings in the polymer. Furthermore, the ratio of the intensities of CN 2 (NH x ) and CN 3 carbon signals unambiguously indicates that the content of CN 2 (NH x ) groups in the polymer is higher than that in the previously reported heptazine-based carbon nitrides. 6, 38 However, the solid proof of tri-s-triazine being a structural unit of the polymer network was obtained from the XPS data. The C 1s spectrum (Fig. 4a) shows the main contribution with the binding energy of 288.3 eV corresponding to CN 3 bonds in the heterocycle ring. In addition to the C 1s peak of adventitious carbon at 285.0 eV, there is a peak of hydroxylated surface carbon atoms (C-OH) at 286.6 eV and a weak peak at 283.2 eV which might result from carbide impurities 41 in the sample. The deconvolution of the N 1s signal reveals three contributions ( Fig. 4b) : at 400.5 eV (NH x groups), 399.1 eV (tertiary nitrogen, NC 3 , corresponding to the N atom at the center of the tri-s-triazine ring), and 398.7 eV (C-NvC). Based on these findings, we suggest that the structure of the carbon nitride counterpart of the composite is built of melon chains, i.e. imide bridged heptazine units (Fig. S8 †) , as detailed below. First of all, the ratio of amino-nitrogen atoms (NH x groups) to ring nitrogen atoms (C-NvC) calculated as the ratio of the corresponding peak areas, is equal to 0.32 and is close to the theoretical value of 0.29 for the suggested structure. For poly- (triazine imide) this ratio would be substantially higher, 0.5, while for ref.
-CN the value would be much lower than 0.29, because only the terminal amino-groups would be present in the structure, and only weak peaks of -NH x are reported for this case. 42 Then, the existence of the tertiary nitrogen peak (NC 3 ) and the ratio of C-NvC to NC 3 nitrogens equal the theoretical value of ∼6 further point out heptazine as a repeating unit. In poly(triazine imide) no tertiary nitrogen atom is present. XPS investigations further confirmed the presence of Sn, O and Cl in the composite. The Sn 3d 5/2 signal (Fig. 5a) consists of the main contribution at 486.8 eV that can be assigned to both SnO 2 and tin(II) hydroxychloride (these tin electrons have almost the same binding energies 43 ) , and the minor contribution at 484.8 eV due to Sn(0). 43 The O 1s signal (Fig. 5b) reveals three contributions: at 530.2 eV which is assigned to SnO 2 , 44 at 531.6 eV (surface and tin(II) hydroxychloride OHgroups) and at 532.8 eV due to the surface adsorbed water. The surface amount of SnO 2 estimated by the area of the corresponding O 1s peak (at 530.2 eV) reflects the quantity of the SnO 2 NPs and is found to be 2.0 wt%. The small peak in the region of Cl 2p 3/2 binding energies (Fig. S9 †) at 198.3 eV indicates the presence of Sn(II)-Cl bonds and is assigned to tin(II) hydroxychloride. Tin(II) hydroxychloride is the product of SnCl 2 hydrolysis during the work-up procedure (e.g. see eqn (2)). Thus, tin(IV) oxide, tin(II) hydroxychloride and tin (0) are present in the surface layer of the composite. Elementary tin probably originates from the disproportionation reaction of Sn(II) during the synthesis. The presence of Sn(0) and tin(II) hydroxychloride, which are unstable upon treatment with 1 M HCl employed here, demonstrates that even the surface layer of the composite is hardly reachable by the protons. The qualitative differences between the surface and the bulk of the composite were analyzed by comparing the XPS spectra before and after Ar ion bombardment of the sample which allows removing the surface layer of the material. We found that in the bulk of the materials tin is strongly coordinated to nitrogen atoms of the melon polymer. Thus, the Cl 2p signal after ion bombardment (Fig. 6a) spectra are further confirmed by the peak of amino-groups coordinated to tin in the N 1s spectrum (Fig. S10 †) , which is shifted to higher binding energies (401.0 eV) if compared to the surface value (400.5 eV). The presence of SnCl 4 in the bulk of the composite might be explained by the disproportionation reaction of Sn(II) at the elevated temperatures, also supported by the presence of Sn(0) (see below), and by its stabilization at these temperatures via coordination to amino-groups of melon. The fact that SnCl 4 remains in the bulk of the products even after the aqueous work up, illustrates the hard accessibility of the latter in the structure. Besides Sn(IV) chloride, the Sn 3d spectrum reveals the Sn 3d 5/2 peaks at 484.6 eV due to Sn(0) and at 486.3 eV assigned to SnO 2 and tin(II) hydroxychloride. The quantity of SnO 2 in the bulk is approximately the same as at the surface illustrating the ease of O 2 diffusion into the reaction mixtures during the synthesis. The total amount of tin in the bulk is at least 3 times higher than in the surface layer, as follows from the comparison of the corresponding Sn 3d peak areas, indicating that the carbon nitride phase is heavily intercalated with tin species. However, it is important to note here that the precise quantitative analysis after Ar ion bombardment is not possible due to possible partial degradation of the structure and the removal of light elements during the treatment. 47 According to XPS elemental analysis, the amount of O in the composites is only ∼5 wt% which is much lower than that found by EDX (∼20 wt%, see above). This is due to the presence of significant amounts of surface adsorbed water that can be efficiently removed only in a high vacuum employed during XPS measurements. The amount of H in products (see Table S2 †) that originates from surface-adsorbed water is ∼1.8-1.9 wt%, and amounts of H within the C,N-polymer structure is then ∼1.0-1.1 wt%, which is in agreement with the suggested chemical structure depicted in Fig. S8 . †
Discussion of the influence of synthesis parameters
After the discovery of the two different crystalline phases constituting the carbon nitride part of the composites, we were wondering about the reasons for polymorph formation, nature of these two phases and possibility to influence their formation by varying the synthesis parameters. Therefore, we studied the impact of different parameters on the outcome of DCDA condensation in the KCl/SnCl 2 eutectic. We found that the synthesis temperature and precursor concentration in the salt melt play major role in defining crystallinity, morphology, BET surface areas and quantity of intercalated ions in the final products.
The product synthesized at 400°C (1 : 5 weight ratio) is composed of at least two crystalline phases, which are characterized by the following values of in-plane and inter-planar repeating motifs (Fig. 7a) : 0.91 nm (2θ = 9.7°) and 0.32 nm (2θ = 28°) for the Phase I and 0.80 nm (2θ = 11°) and 0.35 nm (2θ = 25.7°) for the Phase II. We can only speculate that Phase II corresponds to the structure where tin species are located in between carbon nitride (buckled) layers that leads to the increased interlayer distances, while Phase I characterizes the case when tin species are placed in the layer in between the melon polymer chains. At the same time, the interlayer distances in the Phase I are very close to those in ref.
-CN. Taking into account that the van der Waals radius of tin is 0.217 nm (d = 0.434 nm), we, indeed, may suggest that tin ions, together with oxygen and chlorine counter-ions, can be located within the melon layers (see Scheme S3 †).
The increase of the condensation temperature from 400°C to 450°C and then 500°C is accompanied by the decrease of the amounts of intercalated salts in the final products (from 30 to 25 and to 19 wt%, respectively, see Table S3 †) . Besides, the enrichment of more densely-packed crystalline Phase I is observed by the intensity increase of the reflection at 2θ = 9.7°a nd simultaneous decrease of the 2θ = 25.7°diffraction peak (Fig. 7a) . This points to a higher thermodynamic stability of Phase I. The product prepared at 500°C is characterized by a larger crystallite size than those obtained at 450°C and 400°C. The observation that reflections at 2θ = 9.7°and 2θ = 28°have simultaneously increased in intensity when the synthesis temperature was increased from 450°C to 500°C supports the suggestions that these two belong to the same crystalline phase. A further rise in temperature to 550°C results in slight disturbance of the product crystallinity and increase of intercalation of the carbon nitride structure with salt ions, again. Thus, 500°C was identified to be the optimal temperature for the preparation of highly ordered materials.
The morphology of products prepared at lower temperatures (400 and 450°C) is inhomogeneous and comprises spherical nanoparticles, nano-sheets and nano-ribbons ( Fig. 8a and b) . Nano-ribbons seem to preferentially grow in an extended zig-zag pattern with an angle of ∼40°in between. At higher synthesis temperatures (500 and 550°C), nano-ribbons are not observed anymore, and the products are composed of diversely oriented nano-sheets of irregular size and shape ( Fig. 8c and d) .
Hexagonal nano-rods is one of the morphologies characteristic for the water-washed product prepared in KCl/SnCl 2 melts at 400°C (Fig. 8e , WAXS pattern is shown in Fig. S11a †) . Upon acid washing, these seem to further exfoliate to nano-sheets of hexagonal shape that can be sometimes recognized in the final products (see Fig. S11b, c †) .
Changing the precursor to salt melt ratios allows tuning the quantities of the intercalated salt ions in the final products, their BET surface areas and degree of structural order (Table S4 , † Fig. 7b ). At 1 : 1 and 1 : 2 precursor to salts weight ratios, the amount of the intercalated salt residues in the final products is ∼16 wt%; it gets almost doubled when the ratio is increased to 1 : 5 and 1 : 10, and is as high as 51 wt% in the case of a 1 : 20 ratio. Except for a 1 : 20 ratio, for which an amorphous material is obtained and only SnO 2 NPs can be recognized in the corresponding WAXS pattern (see Fig. 7b ), the products are fairly crystalline. With the increase of the ratio from 1 : 1 to 1 : 10, the diffraction peak at 2θ = 9.7°gets more intense. This may be explained by heavier intercalation of carbon nitrides with tin when increasing its relative concentration in the melt and accommodation of the tin species in between the melon chains in a regular way. At the same time, the interlayer stacking peak at 2θ = 27.8°becomes broader suggesting the decreasing of the carbon nitride crystallite size in the z-direction, probably due to the hindering of the crystal growth by deposition of numerous SnO 2 NPs onto its surface. The highest BET surface area (295 m 2 g −1 ) was found for the product prepared at a 1 : 20 ratio, while the lowest (38 m 2 g −1 )
was measured for the material obtained when a 1 : 2 ratio was used (Table S4 , Fig. S12 †) . The influence of the reaction mixture composition on the photocatalytic activity of products is discussed below.
SnCl 2 salt melts for post-synthesis modification of carbon nitrides
We found that SnCl 2 salt melts can serve as a convenient tool for post-synthesis modification of carbon nitrides that allow retailoring of the product morphology and increasing its BET surface area. Thus, re-heating an ordinary bulk ref.
-CN in KCl/ SnCl 2 at 550°C for 6 hours yields a beige carbon nitride com- (Fig. S13a †) and nanosheet morphology ( Fig. 9a and b) . During the salt melt treatment, ref.
-CN has partially lost its structural order as observed by the decrease of the intensity of the 2θ = 27.4°r eflection and the disappearance of the 2θ = 13.1°reflection (Fig. S13b †) . At the same time, some SnO 2 NPs were deposited onto the carbon nitride surface that significantly increased the activity of the whole composite in HER (see below). This experiment simultaneously provides an insight into the formation mechanism of carbon nitrides in MCl/SnCl 2 salt melts. It suggests that the final products are probably dispersed as sheets in the melt at the synthesis temperature, and are packed into nanosheet stacks during the cooling step and the co-occurring crystallization of salts.
Optical absorption and emission properties of SnCl 2 -derived carbon nitrides are compared with those of ref.
-CN in Fig. 10a and b, respectively. Three distinct absorption bands are observed in the case of products prepared in MCl/SnCl 2 melts: at ∼370, ∼460 and ∼620 nm that correspond to different electron transitions within the carbon nitride phases (SnO 2 NPs absorb from 250 to 350 nm). 48 Thus, the first one is assigned to π-π* transitions commonly observed in the conjugated ring systems, while the band at 460 nm is due to n-π* transitions involving lone-pairs on the edge N atoms of the heptazine rings. 49 The band at 370 nm is the most intense one (for the color of the products, see Table S2 †) . It has a clear hypsochromic shift if compared to the absorption band of ref.
-CN positioned at ∼390 nm. This may result from relative positioning of carbon nitride layers and tin species within the composite structure and the resulting electronic consequences. It is known that the layers in ref.
-CN can be stacked in AB fashion 50 when the tri-s-triazine unit of one layer is situated right under the void of the upper layer. In the case of MCl/ SnCl 2 -derived carbon nitrides, we speculate that the layers are stacked in AA manner, when tri-s-triazine units are positioned above each other across the layers, in order to better accommodate quite large Sn species within the layer voids (Scheme S3 †). This motif reminds the H-type of π stacking of dye molecules in solutions and crystals which is known to cause a hypsochromic (blue) shift of the absorption band edge. A similar positioning of layers is observed also in poly(triazine imides). 25 The appearance of absorption spectrum of ZnCl 2 /SnCl 2 -derived product suggests the creation of a dyadic system similar to those observed for CN-polymers prepared in ZnCl 2 -containing salt melts. 28 The product prepared in pure SnCl 2 has a grey-black color and, taking into account that organic part of this composite is represented by CN-polymers similar to ref.
-CN (as follows from the similarity of FTIR spectra of these two compounds, see Fig. 1b) , and that the product is highly intercalated with salt ions (see Table S2 †); the color of the product might be due to some charge transfer phenomena within this organic-inorganic hybrid material as has been recently reported for other Sn-containing hybrids. 51 However, partial carbonization of CN-polymers cannot be fully excluded. MCl/SnCl 2 -derived photocatalysts have wider band gaps than the reference CN (2.9 eV vs. 2.7 eV) as supported by the positions of the corresponding emission peaks (∼430 nm vs. ∼460 nm) in the photoluminescence (PL) spectra of the materials (Fig. 10b) .
Considering that the products obtained from MCl/SnCl 2 (M = Na, K, Cs) eutectics absorb more light than ref.
-CN at the excitation wavelength of 350 nm (see Fig. 10a ), we can conclude that PL of these materials is substantially decreased if compared to ref.
-CN. Taking into account the good crystallinity of the composites, this probably implies better separation of the charge carriers generated upon 350 nm excitation due to the electron transfer from the conduction band (CB) of carbon nitrides to the CB of SnO 2 . LiCl/SnCl 2 -products, on the one hand, and ZnCl 2 /SnCl 2 -and pure SnCl 2 -derived materials, on the other, represent two opposite cases with the highest and the lowest PL, respectively. We attribute this to the extraordinary vs. very poor crystallinity of the corresponding products. In principle, there are two processes that contribute to the decrease of PL: charge transfer and non-radiative recombination of excitons with the release of phonons that occur at the deep-level defects of the crystal lattice. For carbon nitrides, it was shown that the shortening of PL life-time is accompanied by decrease of the intensity of the steady state PL signals, suggesting that the defects within its structure are deep-level traps. 20 Therefore, we suggest that in the case of LiCl/SnCl 2 -composites, the non-radiative recombination is strongly reduced that results in an apparent PL increase, while it prevails for ZnCl 2 /SnCl 2 -and pure SnCl 2 -derived materials. The photocatalytic activities of SnCl 2 -derived carbon nitrides were studied in a model reaction assay, the photodegradation of Rhodamine B (RhB), and in photocatalytic water reduction, using platinum (Pt) as a co-catalyst. We found that composites synthesized in MCl/SnCl 2 (M = Li, Na, K, Cs) salt melts show a high photocatalytic activity in both reactions. (Fig. 11a) . The product prepared in ZnCl 2 /SnCl 2 melts shows no activity. Taking into account our recent findings on the activities of MCl/ZnCl 2 -derived carbon nitrides, 28 we can thus conclude that the presence of Zn 2+ ions or clusters in the CN composite structure can be detrimental for its photocatalytic performance. In another set of experiments, we studied the impact of the precursor to salts (KCl/SnCl 2 ) ratio on the photocatalytic activity of the products and found that the latter increases with the decrease of DCDA concentration (Fig. S14a †) (Fig. S14b †) . The fact that the photocatalytic activity of the products increases more than 10 times upon increase of the synthesis temperature from 400 to 450°C is probably due to transformation of melem oligomers to melon. This is in agreement with the reported studies of thermal stability of hydromelonic acid salts. 40 Furthermore, despite better crystallinity of the composites synthesized at 500°C, we concluded that T = 550°C is the optimal temperature for the preparation of highly active photocatalysts. Slight changing of the slope in the case of NaCl/SnCl 2 -derived products at excessive pressures p = 0.8-1.0 bar is due to the increased gas leakage rates at higher pressures.
Rhodamine B degradation
reasons are creation of the efficient heterojunction between two semiconductors (carbon nitride and SnO 2 ) and high crystallinity of both SnO 2 NPs and carbon nitride phases. These provide efficient separation of photo-generated charge carriers and assist their transport to the surface active centers. SnO 2 has a wider band gap than the carbon nitride phase (∼3.6-3.7 eV 48 vs. 2.9 eV), and does not absorb visible light. However, the conduction bands of these two semiconductors are suitably positioned 52, 53 to allow for electron transfer from carbon nitrides to SnO 2 and thus make the whole composite active under visible light irradiation.
Photocatalytic water reduction
MCl/SnCl 2 -derived products are found to be efficient photocatalysts for a steady hydrogen production (over 20 h) when Pt is used as a co-catalyst. Under blue light irradiation, the rate of H 2 evolution accomplished by KCl/SnCl 2 -derived composites is ∼30% higher than in the case of using the reference mesoporous carbon nitride (mp-CN) as a photocatalyst, i.e. 6.9 vs. 5.4 µmol H 2 per hour (Fig. 11b ). However, due to the reduced absorption in the visible light region, under white light irradiation the activities of materials obtained from MCl/SnCl 2 (M = Li, K, Cs) melts are lower if compared to the one of mp-CN: 8.8, 11.2, and 11.1 vs. 16.5 µmol H 2 per hour for LiCl/ SnCl 2 , KCl/SnCl 2 , CsCl/SnCl 2 and mp-CN, respectively. Surprisingly, the activity of NaCl/SnCl 2 -derived composites in HER under visible light is more than twice as high as that of mp-CN (37.6 µmol H 2 per h!) that probably originates from the better separation of photo-generated charge carriers observed as the lowest PL signal in Fig. 10b . The LiCl/SnCl 2 -derived product represents the unique composite material: despite its low surface area (32 m 2 g −1 ), relatively low absorption in the visible light region and strong photoluminescence, its activity in HER under visible light irradiation is ∼53% of that of mp-CN, as was mentioned above. The explanation lies in its excellent crystallinity as well as in extremely efficient carbon nitride/SnO 2 heterojunction achieved by performing carbon nitride synthesis in MCl/SnCl 2 salt melts.
As it was mentioned above, MCl/SnCl 2 salt melts can be successfully used for the post-modification of the bulk carbon nitrides in order to increase their photocatalytic activity. Thus, under visible light irradiation the amounts of H 2 produced by ref.
-CN re-heated in KCl/SnCl 2 eutectics are 4.8 µmol h −1 , while the activity of pristine ref.
-CN is below the detection limit (<0.25 µmol h −1 ).
MCl/SnCl 2 -derived composites reveal excellent chemical and structural stability during HER as exemplified by the product prepared in KCl/SnCl 2 -eutectic and follows from the identity of the XRD patterns, FTIR-spectra, and elemental composition (EA and EDX data) of the photocatalyst before and after 36 hours of irradiation (Fig. S15a, b , Table S5 †). In addition, GC-MS analysis showed the absence of CO 2 in the headspace of reaction mixtures ( presence of CO 2 could be a sign of photocatalyst's oxidation); and that H 2 was the only gas produced during HER. Moreover, no drop of the activity in HER was observed upon recycling the material for 4 times, as evident from the Fig. S16 . †
Conclusions
Condensation of DCDA in MCl/SnCl 2 -containing eutectics delivers new carbon nitride-based composite materials in high yields. The products are composed of 4-12 nm SnO 2 NPs deposited onto carbon nitride nano-sheets, the size of which can be tuned between 0.1 and 0.5 µm. The composites possess high surface areas and are distinguished by high structural order. The carbon nitride part of the composites is constituted by several crystalline phases intercalated with Sn species. Efficient heterojunction at the carbon nitride/SnO 2 interface, suitably positioned conduction bands of the two semiconductors and high crystallinity of the components make these composites highly photocatalytically active, as it was demonstrated in reactions of dye degradation and water reduction. One future optimization required is the improvement, in some cases, of absorption in visible light range which is the subject of the on-going investigation.
